Abstract. The efficacy of the entomopathogenic nematodes Steinernema feltiae and Heterorhabditis megidis after formulation into a housefly bait was compared with a commercial bait formulation of methomyl for the control of houseflies in a U.K. pig farm. The housefly infestation was confined to the farrowing unit, which consisted of ten farrowing houses, where two adjacent houses were sequentially re-stocked with pregnant sows at weekly intervals. Shortly after re-stocking, one house was baited with one of the nematode species and the other with methomyl. Significantly fewer flies (P Ͻ 0.05) were counted in the houses baited with either S. feltiae or H. megidis than those baited with methomyl. The efficacy of S. feltiae sprayed on to the manure was also compared with methomyl bait. Counts of houseflies carried out in the farrowing cycle before this treatment were not significantly different (P Ͼ 0.05); however, significantly fewer flies (P Ͻ 0.05) occurred after S. feltiae was sprayed. The efficacy of encapsulated S. feltiae was also compared with methomyl bait and no significant difference was observed (P Ͼ 0.05).
Introduction
Houseflies, Musca domestica L. (Diptera: Muscidae), are serious pests in animal units in the U.K., where they transmit disease organisms, cause financial loss and contribute to poor animal management. Also, health authorities are willing to close farms with long-term, heavy infestations. The problem is exacerbated by resistance to the licensed insecticides used for their control. In the most recent survey of resistance Chapman et al. (1993) reported that all housefly populations tested were generally more resistant than houseflies tested in earlier surveys. In 1994, the insect growth regulator cyromazine was cleared for use in animal units in the U.K., but has since been reported ineffective in some deep-pit egg-production farms (D. B. Pinniger, pers. comm.) . Moreover, resistance to cyromazine has developed in the U.S.A., where it has been used as a poultry feedthrough for some years (Sheppard et al., 1989) . The high cost of registering new chemicals for use in the U.K. deters manufacturers from promoting their products for alternative methods of control. There has been some interest in the use of entomopathogenic nematodes for housefly control, but most workers have found them to be ineffective when applied directly to animal manure (Renn, 1995) . We have investigated a novel technique in which nematodes are combined into a housefly bait and have previously reported large-scale laboratory experiments with these baits, in which either Heterorhabditis megidis Poinar, Jackson and Klein (Rhabditida: Heterorhabditidae) or Steinernema feltiae Filipjev (Rhabditida: Steinernematidae) killed up to 95.7% of exposed houseflies and were as effective as the insecticide azamethiphos (Renn, 1994) . The purpose of the present study was to determine the efficacy of the newly developed baits containing either H. megidis or S. feltiae when tested under field conditions. This first field trial was carried out on a pig farm in Oxfordshire, U.K., from late August to November 1994 and, although only one trial was possible during this period, the results were promising enough to consider it important to report these preliminary findings. During the same trial, the efficacy of encapsulated and unencapsulated S. feltiae applied directly to the manure surface was also investigated.
Materials and Methods

The pig farm
The housefly infestation was of a moderate density and was confined to the farrowing unit. The farmer used methomyl bait (Golden Malrin TM ) routinely to control the housefly infestation.
The unit consisted of ten farrowing houses, arranged with one house on either side of five access corridors. Each farrowing house had the capacity for eighteen sows held in crates. The farrowing cycle was of 3-4 weeks duration, with two newly cleaned houses being stocked with pregnant sows at the same time. Usually, the sows gave birth up to one week after being placed in the farrowing crates. Three weeks later the new piglets were weaned on to pelleted piglet feed and were moved to weaner kennels before fattening. At the same time, the sows were moved to other quarters for re-insemination. Subsequently, the farrowing house and the associated slurry channels were cleaned with a motorised power washer and the slurry was flushed into a pit. The house was dried and a few days later, a new batch of pregnant sows was placed into the crates to begin a new farrowing cycle. In between cleaning and restocking, all heating (including the heat lamps in the creeps) was switched off. As another batch of pregnant sows were placed in their farrowing crates, the house heating and the creep (piglet kennel) heat-lamps were switched on again. Restocking was carried out on a weekly basis, with two newly cleaned farrowing houses being re-stocked each week. Thus, during any one week, thirty-six pregnant sows were divided into two houses, in the next two houses were newly farrowed sows, the next two pairs of houses contained 2-and 3-weekold piglets, respectively, and the last two houses were cleaned for re-stocking.
The farrowing houses were maintained at 20°C. The creeps were fitted with heat lamps to keep the piglets warm and which maintained the floor of the creep at 25°C, although the temperature directly underneath the creep lid was often 28°C. These temperatures remained constant for the duration of the experiment, apart from when the houses were emptied and cleaned, when the heating was switched off.
The source of the housefly infestation
This field experiment commenced during late August 1994 and the atmospheric temperature had fallen to a point where the houseflies were rarely observed outside the farrowing houses. At the end of each farrowing cycle the houses were cleaned with a motorised power washer, but there were always residual flies (of all developmental stages) that were not flushed into the slurry channel and which remained in the houses to breed and provide the basis of a new infestation. Although the farrowing houses shared common slurry channels, the flies did not appear to migrate between the farrowing houses. For example, the number of flies in one house could have reached a peak towards the end of a farrowing cycle, whereas the number of flies in an adjoining house (where the pigs may have farrowed in previous weeks) could have been quite low. © 1998 Blackwell Science Ltd, Medical and Veterinary Entomology, 12, 46-51 
Experimental treatments with nematodes
There were four different treatments (sub-trials) with the nematodes and each was conducted in different sequential farrowing cycles. Two of these used baits for adult flies which contained either one million S. feltiae or H. megidis. The third and fourth treatments were applied to the manure and were aimed at controlling housefly larvae. One manure treatment was with a suspension of S. feltiae sprayed on to the manure surface, the other was with encapsulated S. feltiae (described below) applied to the manure surface.
The treatments were applied in synchrony with the farrowing cycle, as cleaning tended to deplete the numbers of houseflies. Hence, as the farmer stocked a pair of houses with pregnant sows, one house was treated with the nematodes and the other with methomyl bait. Originally, it was intended that the second house would be used as a control replicate without any fly control treatment. However, the farmer was unwilling to leave any house without some form of housefly control, and insisted that methomyl bait was used where nematodes were not applied. Thus, throughout this experiment the efficacy of the nematodes was compared with that of methomyl bait. The floor area of each farrowing house was 270 m 2 . Methomyl bait was applied at the manufacturer's recommended rate of 100 g per 40 m 2 of farrowing house floor area, by weighing 675 g of the material and dividing it equally around the surfaces of the farrowing pen walls. This was renewed at 7-day intervals.
Sub-trials 1 and 2: S. feltiae or H. megidis in baits
The first and second treatments were with baits made with either one million S. feltiae or H. megidis, respectively, and constructed and formulated as described by Renn (1994) . In addition, each bait contained a pheromone lure of 0.65 mg Z-9-tricosene applied to a 25 ϫ 3 mm polythene disc. Using Velcro, two baits were positioned on the underside of each of the nine creep-lids. These were replaced at weekly intervals for the duration of the farrowing cycle. After replacement, the eighteen old baits were returned to the laboratory, where three were randomly selected and dismantled so that any remaining nematodes could be extracted from the baits for counting using Whitehead trays (Whitehead & Hemming, 1965) .
Sub-trial 3: S. feltiae spray
For the first manure treatment, 9 million S. feltiae were suspended in 1800 ml of tap water and placed in a pneumatic knapsack sprayer calibrated to deliver 100 ml of the suspension (i.e. 500 000 S. feltiae) in 10 s. Then each of the eighteen sow stalls were treated by spraying the nematode suspension for 10 s, between the slats of the slurry channel cover on to the dryer areas of pig manure where pupae could be seen. All the slurry channels underneath the eighteen sow stalls were treated in this way at twice-weekly intervals for the duration of the farrowing cycle in that house.
Sub-trial 4: encapsulated S. feltiae
For the second manure treatment, S. feltiae were encapsulated in calcium alginate, according to the method described by Renn (1995) . One million S. feltiae were suspended in 200 ml aqueous solution of sodium alginate (1.5% w/v). The suspension was allowed to drip through a pasteur pipette into an aqueous complexing solution of 50 mM calcium chloride to form capsules of ™ 3 mm in diameter. The capsules were then stirred in the complexing solution for about 3 min, after which they were removed and rinsed in tap water. The capsules were then sprinkled on the housefly pupation sites on the drier areas of the pig manure at weekly intervals, until the farrowing cycle was completed.
Counts of houseflies
The houseflies were present in small numbers throughout each farrowing house, but aggregated in larger numbers in the creeps when the heat lamps were in use. Thus the rear and side walls of each creep (approximately 1.4 m 2 ) were chosen as easily accessible count areas and estimations of fluctuations in housefly numbers were made by counting flies which had settled on them. This method of assessing housefly population trends has been successfully used in similar field trials (e.g. Webb, 1986) . Then for each house, the numbers of flies counted in the nine creeps were combined to give a total fly count. Counts were carried out twice per week, in every farrowing house when sows were present, for the duration of the experiment. Counts were not carried out whilst the houses were being cleaned because access was frequently difficult.
Statistical analysis
For each of the four treatments with the nematodes, the total fly counts made at every time interval were compared (ANOVA) with the total fly counts from the parallel farrowing cycle (i.e. where no nematodes were used but where the farmer's treatments with methomyl bait continued).
Prior to experimental treatments with nematodes, flies were counted in each house for a complete farrowing cycle, with methomyl being used in all houses. When compared, these counts demonstrated that the individual houses of each subtrial pair had an equal capacity to yield similar numbers of houseflies (data not shown, ANOVA; F ϭ 1.74, P Ͼ 0.05).
Results
Sub-trial 1: S. feltiae in baits
In the sub-trial where S. feltiae was used in baits for adult houseflies (Fig. 1) , the houseflies increased in the methomyltreated house until day 14, when 198 houseflies were counted, compared with only forty-four in the house treated with S. feltiae. Both counts had declined on day 21, but at the end of © 1998 Blackwell Science Ltd, Medical and Veterinary Entomology, 12, 46-51 Fig. 1 . First sub-trial: S. feltiae in baits for adult houseflies. Numbers of houseflies counted in two farrowing houses. In the first house, baits containing one million S. feltiae were attached to the underside of the creep-lids, adjacent to each sow. Placement of baits is shown by arrows. The other house was treated with methomyl and renewed at the same time intervals. This farrowing cycle stopped at day 32, when the sows and piglets were removed and the houses were cleaned. the trial on day 32 the houseflies had again increased and a total of 309 were counted in the house with the methomyl treatment, but only 118 in the S. feltiae treatment. Thus, at all time intervals, significantly fewer flies were counted in the house where S. feltiae in baits were used than in the house with the methomyl treatment (F ϭ 18.97; P Ͻ 0.01).
The mean number of S. feltiae extracted from the three baits dismantled after each bait change was 561 121 Ϯ 35 098. After correction for the 80% efficiency of the Whitehead trays, this mean represented 70.1% of the S. feltiae that were originally used in the baits.
Sub-trial 2: H. megidis in baits
During the cycle where H. megidis was used in baits (Fig. 2) , the flies counted in the house treated with methomyl increased from day 11 and reached a peak of 528 on day 21, and were significantly greater in number during this period (F ϭ 5.99; P Ͻ 0.05) than in the H. megidis-treated house, where numbers remained below ninety-four on day 11.
A mean of 78 471 Ϯ 5933 H. megidis were extracted from used baits, which was equivalent to 9.8% of the original number, after correction for the Whitehead tray efficiency.
Sub-trial 3: S. feltiae spray
Steinernema feltiae was first sprayed on to the manure on day 12 when 100 houseflies were counted (Fig. 3) , then the counts remained reasonably constant until the end of the trial. There was no significant difference (F ϭ 2.04, P Ͼ 0.05) in the counts of houseflies made in the two houses until day 16. Numbers of houseflies counted in two farrowing houses. In the first, baits containing one million H. megidis were attached to the underside of the creep-lids. Placement of baits is shown by arrows. The other house was treated with methomyl and renewed at the same time intervals. At day 32, the sows and piglets were removed and the houses cleaned. Fig. 3 . Third sub-trial: a manure treatment with a suspension of S. feltiae. Numbers of houseflies counted in two farrowing houses. In the first house, the manure underneath each sow was sprayed with 500 000 S. feltiae suspended in 100 ml water on each count-day after farrowing (shown by arrows). The other house was treated with methomyl and renewed at the same time intervals. At day 1, both houses were stocked with eighteen pregnant sows. By day 9, all sows had farrowed. The sows and piglets were removed at day 31 and the houses were cleaned.
However, after day 18, significantly higher numbers of flies (F ϭ 5.15, P Ͻ 0.05) were counted in the house treated with methomyl, with 171 flies observed on the final day. feltiae. Number of houseflies counted in two farrowing houses. In the first, one million S. feltiae encapsulated in 200 ml of calcium alginate, were applied to dry areas of pig manure. Placement of bait is shown by arrows. The other house was treated with methomyl and renewed at the same time intervals. At day 1, both houses were stocked with eighteen pregnant sows. By day 3, the sows had farrowed. Subsequently, the sows were removed on day 30 and the houses were cleaned.
Sub-trial 4: encapsulated S. feltiae
The number of houseflies counted in the farrowing house where encapsulated nematodes were applied to the manure ranged from 4 on day 3, when the sows had farrowed (Fig. 4) , to a peak of 67 on day 27, which subsequently declined to 38 on day 30, when the farrowing cycle was completed. In the other house with the same farrowing cycle, but treated with methomyl bait, the numbers of houseflies counted on days 3, 27 and 30 were four, thirty-one and forty-two, respectively. Consequently, there was no significant difference (F ϭ 3.01; P Ͼ 0.05) in the numbers of houseflies counted from either encapsulated nematode or insecticide treatments.
Discussion
By counting flies during the farrowing cycles prior to the experimental treatments, it was possible to demonstrate that both houses of each sub-trial pair had the same potential for housefly infestation despite the use of methomyl. Thus for subtrials 1, 2 and 3, the lowering of the fly numbers in the houses where nematodes were used showed that the nematodes had a greater effect than methomyl and an equal effect during subtrial 4.
Ideally, any experimental field trial should be carried out using a randomized block design in which the effects of all treatments and at least one control can be compared. However, this field trial had to be designed to fit in with the rotation of the farm's farrowing stock and the farmer's insistence that methomyl continued to be used where there were no experimental treatments with nematodes. Consequently, the final design of the experiment meant that only the two data sets of the individual sub-trials could be compared and no comparisons between the sub-trials could be made. Furthermore, the fly counts were low because all houses were treated. Had it been possible to have untreated control houses, total fly counts of thousands may have been observed. Nevertheless, in three of the four treatments with nematodes, significantly fewer flies were observed than when methomyl was used during the parallel farrowing cycles. Thus, these observations gave a strong indication that the nematodes were killing houseflies in greater numbers than the insecticide.
Generally, when the efficacy of nematodes is tested in laboratory experiments, it is common practice to dissect the dead hosts to reveal the presence of parasitising nematodes and thus confirm death through their action. This approach was not possible during this field experiment because dead flies were infrequently observed in treatments with either nematodes or methomyl. It was probable that as flies died they either fell into the slurry channel or were trampled by the pigs.
During the first and second sub-trials, the lower numbers of houseflies observed in the farrowing houses where S. feltiae or H. megidis were used in the baits demonstrated that it is quite possible that bait formulations of nematodes are more effective than direct application to manure because they keep the nematodes away from the harsh environment of the animal manure. Although H. megidis appeared to be more effective than S. feltiae, a higher proportion of S. feltiae remained in the bait container, indicating that it may be the more suitable nematode for use in further trials.
In the third sub-trial, spraying S. feltiae on to the manure surface (especially the dryer parts which may have been the primary pupariation sites) may have reduced the number of houseflies. Arevad (1986) did not observe any mortality after applying nematodes to housefly larvae in pig manure. Belton et al. (1987) were the only workers to observe a reduction in the emergence of adult houseflies when nematodes were directly applied to animal (chicken) manure. These apparent differences in the efficacy of nematodes used against houseflies may have been due to the moisture content of the manure. Renn (1995) postulated that 60% moisture content may be the upper limit for nematode efficacy in chicken manure. This may also be true for pig manure as, in this field trial, the nematodes were specifically sprayed on to the areas of dry manure.
By contrast, encapsulated S. feltiae performed only as well as the methomyl. It may be that when the nematodes were used in capsules they were less evenly dispersed than when applied as a spray. Different ways of applying nematodes in the field have been studied by Curran (1992) who observed that by spraying Heterorhabditis sp. on to the soil surface around strawberry plants, a greater number of black vine weevils (Otiorhynchus sulcatus) were killed than when the same number of nematodes was applied through a trickle irrigation system, which dripped the nematodes on to the strawberry plants. Kaya (1990) stated that after application to soil, the majority of nematode species remained near the point of placement. Similar observations have not been made using pig manure, however, Georgis et al. (1987) found that most S. feltiae (ϭ carpocapsae) and H. heliothidis (ϭ bacteriophora) remained close to the point of application to chicken manure. Therefore, if S. feltiae did not move across the surface of the pig manure after emerging from the capsules, it may be that only a few housefly larvae became infected. Conversely, when S. feltiae were sprayed on to the manure surface, they would not have needed to move any great distance before encountering a housefly larva. Alternatively, the different frequencies of application may have accounted for the lower efficacy of the encapsulated nematodes, because one million encapsulated S. feltiae were applied at weekly intervals, whereas 500 000 S. feltiae were sprayed twice-weekly. The lower frequency of capsule application was used because Renn (1995) had postulated that nematodes may have been released from capsules over a 7-day period. However, it is possible that in the 7-day interval between applications, the capsules may have either dried out or have been covered with fresh manure. Either of these situations would have rendered the nematodes less effective.
Interestingly, Renn (1994) observed that methomyl bait killed a higher proportion of flies in the laboratory than any of five nematode isolates as baits. However, in the current field experiment, methomyl bait appeared to be less efficient than the nematodes at killing adult houseflies. The differences between the laboratory and field observations with methomyl bait were probably due to the large amounts of dust that occur in pig units, which quickly covered the insecticidal bait. The nematodes were probably unaffected by the pig unit dust, since they were protected by the bait containers.
During this field trial, adult houseflies were successfully controlled with entomopathogenic nematodes in baits for the first time. It was exceptionally promising that when either S. feltiae or H. megidis were used in our bait system, significantly fewer flies were observed than in comparable houses treated with baits containing the carbamate insecticide methomyl. Surprisingly, a reduction of houseflies was also observed when S. feltiae was sprayed directly on to the manure. Further field trials will have to be carried out in piggeries and poultry houses to confirm the highly promising results obtained in the present study. Finally, we have shown that nematode baits offer a practical and effective alternative to conventional insecticides for the control of housefly populations in intensive animal units.
